Allozyme analysis of tissue samples of 910 European hake Merluccius merluccius from six North Atlantic Ocean and four Mediterranean Sea locations revealed polymorphism at 21 out of 34 protein-coding loci examined. A major subdivision between Atlantic and Mediterranean collections (mean Nei's genetic distance within regions 0.005; between regions 0.014) was particularly evident from allelic differences at the GAPDH-1* and GR-2* loci. Further population subdivision was indicated within both regions, and gene flow from adjacent Atlantic to proximal Mediterranean populations was suggested by allele frequencies and relevant oceanographic and geological information. The data support present management based on distinct Atlantic and Mediterranean populations and indicate that the population structure within the Atlantic is more complex than the discrete northern and southern stocks proposed by ICES.
Introduction
The European hake, Merluccius merluccius is a highly sought after species which is widely distributed from the Black Sea through the Straits of Gibraltar and along the Atlantic coast from Morocco to Norway (Svetovidov, 1986) . Management of this species has been based on the assumption of the existence of distinct Mediterranean and Atlantic stocks isolated by the Gibraltar channel. This assumption has been mainly supported by morphological data (Cadenat, 1952; Maurin, 1968) , but also by preliminary genetic results . In addition, the International Council for the Exploration of the Sea (ICES) assumes the existence of two stocks within the Atlantic area, one extending northward of 44°30 and the other southward with the Cape Breton Canyon as the geographical boundary. However, the existence of these two Atlantic stocks is not supported by clear biological evidence (see González-Garcés & Pereiro, 1994) . This paper examines the population structure of European hake based on six collections from the Atlantic Ocean and four from Mediterranean waters, based on genetic variation at 21 proteincoding loci.
Materials and methods

Sampling
A total of 910 European hake were collected from 10 locations of two major regions (Atlantic Ocean and Mediterranean Sea) (Fig. 1) . Except for the *Correspondence. E-mail: dbmrb@xamba.udg.es Arcachon, Cantabria and Galicia I and II samples, which were taken from the survey 'Demersales 09/92' of the R/V 'Cornide de Saavedra' (Instituto Español de Oceanografía), unprocessed whole fish (longer than 20 cm) were obtained from local fishermen on the date of capture. They were immediately frozen with dry ice and were stored at 80°C prior to electrophoretic analyses.
Electrophoresis
Tissue extraction, electrophoresis and procedures for visualizing proteins generally followed the methods outlined in Aebersold et al. (1987) . Extracts from tissues including eye (E), liver (L) and skeletal muscle (M) were electrophoretically screened for resolution and activity with buffer systems described in García-Marín et al. (1991) (Table 1) . Genetic interpretations of these patterns followed principles outlined in Utter et al. (1987) . Genetic nomenclature follows Shaklee et al. (1990) . Details of allele designation are presented in Roldán (1995) .
Data analyses
Genotypic distributions of all loci were tested for conformance to Hardy-Weinberg expectations using the exact probability test. Gametic associations for all possible pairs of alleles at distinct loci in each population were tested by computing the unbiased composite-linkage disequilibrium (D). Genic differentiation among samples was evaluated by an exact (Raymond & Rousset, 1995; and references therein) . The sequential Bonferroni technique (Rice, 1989 ) was used to adjust significance levels for multiple simultaneous comparisons. Genetic differentiation of populations was assessed by F-statistics (Wright, 1965) . Pairwise multilocus comparisons between samples were calculated by the Cavalli-Sforza and Edwards chord distance (Cavalli-Sforza & Edwards, 1967) . These values were then used to construct a neighbourjoining tree (Saitou & Nei, 1987) . Bootstrap values for trees were calculated from 1000 replications resampling across loci.
Results
Genetic variation within populations
We interpreted the banding patterns of 20 enzyme systems to be a reflection of 34 genetic loci (Table 1) . Thirteen of the 34 loci were monomorphic, based on the identical phenotypes for all individuals tested. Apparent Mendelian variation was detected for the remaining 21 loci (Table 2) . At 11 of these loci, at least one presumed heterozygous individual was found, but with the frequency of the common allele higher than 0.95 in all samples. The remaining 10 variable loci (GAPDH-1*, GPI-1*, GPI-2*, GR-1*, GR-2*, IDHP-2*, MEP-3*, PEP-B-1*, PEP-S-1* and SOD*) were regarded as highly polymorphic with frequencies of variant alleles exceeding 5% in one or more populations. The average proportion of polymorphic loci (0.05 criterion) among the 10 collections was 22.1% and ranged between 14.7% (Naples) and 32.4% (Larache). Overall average heterozygosity for all 34 loci was 0.078 and ranged between 0.065 (Naples) and 0.085 (Galicia I).
For all collections, tests were made for HardyWeinberg proportions with all polymorphic loci, and for gametic disequilibrium among the five most highly polymorphic loci; GAPDH-1*, GPI-1*, GPI-2*, GR-2* and SOD*. No significant departures from expected values (P0.05) were found for either test.
Genetic variation among populations
Allele frequency differences among populations (Table 3) were significant over all collections at nine loci (GAPDH-1*, GLYDH-1*, GPI-1*, GPI-2*, GR-2*, MEP-3*, PEP-S-1*, PGM*, SOD*). This significant variation is the basis for patterns of relationship and distinction among the collections that emerge through reinspection of Table 2 , and tabulations and projections of pairwise measures of genetic variation (Table 4 , Fig. 2) .
Collections from the Mediterranean and Atlantic basins appear to be differentiated by several criteria, although the distinctions are less clear near the interfacing of the basins. The difference is particularly apparent at GAPDH-1* with no overlapping allele frequencies and a mean difference of 0.256 between groups. A distinction of similar magnitude is evident at GR-2*100 with a notable exception of the Atlantic collection from Larache, located adjacent to the Mediterranean and having the highest frequency of the *100 allele among all collections. The distribution of rare alleles at MDH-3* differs; the allele *100 occurs only in two Atlantic collections, and the allele *55 is restricted to three of the Mediterranean localities.
An Atlantic-Mediterranean division is further indicated by consideration of variation over all loci. The higher gene diversity (F ST , Table 3 ) over all collections (0.054) than measured for Atlantic (0.030) or Mediterranean (0.024) samples further reflects greater genetic heterogeneity between than within basins. Samples from either basin are separated in neighbour-joining clustering (Fig. 2) . Notably, the Larache and Peñones samples, respectively, taken in the Atlantic and Mediterranean basins immediately adjacent to the Strait of Gibraltar cluster most closely with one another.
Among the Atlantic samples, the four collections within or adjacent to the Cantabric Sea (Arcachon, Cantabria, Galicia I, Galicia II) comprise an apparent geographical and genetic grouping. Notable distinctions include uniform and nonoverlapping allele frequencies at MEP-1*, MEP-3* and GR-2* with the remaining localities. At GR-2*, the absence of the *93 allele in these four collections (with one exceptional individual) particularly contrasts with its presence in between eight and 20 individuals in each of the other six collections. The overall similarity of these collections is further reflected in their low genetic distances (ranging from 0.0077 to 0.0127) compared to a higher range (0.0128-0.0373) in comparisons with other Atlantic collections (Table 4) , and their distinct clustering in Fig. 2 .
The allelic distribution among the four Mediterranean collections fits no geographical pattern. Similar allele frequencies at GAPDH-1* and SOD* 
Discussion
Isolation between Atlantic and Mediterranean samples
A key to the distinctness between the Atlantic and Mediterranean populations lies in the restriction of migration at the Straits of Gibraltar, separating the Iberian and African tectonic plates (Hopkins, 1985) . An even greater barrier at this point existed in the past, with intermittent physical blockages, precluding colonization and gene flow as recently as one million years ago (Maldonado, 1985 and references therein). These blockages resulted in severe ecological distinctions precluding colonization of the Mediterranean by Atlantic species until the Pleistocene (Pérès, 1985) . In addition, the recent lowering of sea level by 100-200 m during Quaternary glaciations resulted in the partial or total closure of the Strait (Bianco, 1990) . Most likely, then, the Mediterranean was populated by European hake from the Atlantic within the last million years with a great restriction in gene flow during the Quaternary glaciations. Evidence of such a restriction persists in the separa- tion of Mediterranean and Atlantic populations detected in the present data. The likelihood of some gene flow between Atlantic and Mediterranean populations since colonization is also indicated by the present data. The smallest genetic distance between Larache (Atlantic) and any other sample (0.0120) is with adjacent Málaga in the western Mediterranean (Table 4) . A similarly small chord distance (0.0138) separates Larache and Peñones, adjacent from the African side of Gibraltar. This geographical and genetic proximity is reflected by intermediate frequencies at, for instance, GAPDH-1* and SOD*, relative to other Mediterranean samples, and by the clustering in Fig. 2 . The absence of detectable genotypic or gametic disequilibria coupled with still distinct allelic profiles for these three collections at, for instance, GAPDH-1* and GPI-2* suggests that any gene flow is an intermittent rather than a continual process.
Any gene exchanges implied by these relationships were presumably in one direction, from the Atlantic to the Mediterranean, given the present flow of water between these basins. The most likely time for migration is during the extended pelagic juvenile phase (well into the second year) when young fish are at the mercy of prevailing currents (e.g. Inada, 1981) . During this time, the flow of upper waters is from the Atlantic to the Mediterranean (Bouchet & Taviani, 1992; Parrilla & Kinder, 1992; Rubin et al., 1992; Minas & Minas, 1993) .
Possible Atlantic substructuring
As indicated above, the Larache sample is relatively different from others of the Atlantic and close in genetic distance to the adjacent western Mediterranean collections (Table 4 ). This sample may represent a subgroup at the southern extremity of the species in the Atlantic Ocean.
Another possible distinction is the relative homogeneity noted among the four Cantabrian Sea samples (Tables 2 and 4 ) along a contiguous 1000 km length (Fig. 1) . Should further sampling confirm a population unit within this area, additional substructuring to the north is suggested by the distinction of the Ireland sample (primarily from the GR-2*93 allele) which would not correspond to the ICES-proposed northern and southern stocks.
Comparisons with other species
The European hake, like many marine species, is not strongly subdivided genetically (e.g. Ward et al., 1994) . The primary basis for this restricted degree of subdivision appears to lie primarily in the reduction of barriers to gene flow when contrasted with anadromous and freshwater fishes. Nevertheless, differing levels of genetic subdivision have been identified among marine species and related to differences such as reproductive strategies, ecological restrictions and early life histories (Waples, 1987) . Hake, as well as gadoids in general, tend to follow other highly fecund and populous species with pelagic early life histories in their rather modest levels of subdivision. No subdivision was detected in a rather extensive survey of two species of South African hake, M. capensis and M. paradoxus (Grant et al. 1987) . A study of M. productus (Utter & Hodgins, 1971 ) revealed two distinct subgroups, one extending along the Pacific coast from Mexico to Canada and the other restricted to the adjacent inland marine areas of Puget Sound (U.S.A.) and Straits of Georgia (Canada). A complex structure has been observed between M. hubbsi populations from the San Jorge Gulf and those from other areas of the Argentinian continental shelf (Roldán, 1991) .
Using 24 putative gene loci, slight genetic differences among Atlantic and Mediterranean populations have been detected in the clupeoid fish Engraulis encrasicolus (Bembo et al., 1996) . A major genetic break in allozyme frequencies (Quesada et al., 1995b) and mtDNA haplotypes (Quesada et al., 1995a) between Atlantic and Mediterranean populations of the mussel Mytilus galloprovincialis has been detected in the east side of the Alborán Sea (Almeria-Orán oceanographic front). Both studies clearly fit with the distinction between Mediterranean and Atlantic populations of European hake, and demonstrate the passive dispersal of pelagic larvae of marine species through the Straits of Gibraltar (see also Bouchet & Taviani, 1992) .
The possibility of selection affecting one or more of the loci used in the present investigation cannot be excluded. However, the common geological and oceanographic attributes underlying the detection of distinct distributions of diverse species common to the Mediterranean and Atlantic basins by allozyme markers are consistent with these markers primarily reflecting the evolutionary forces of drift and migration. Thus we consider the assumption of selective neutrality to be warranted in applying the present set of polymorphic loci in future studies of Atlantic hake.
Management implications
This survey represents a useful but limited snapshot of population structure of Atlantic hake. More extended sampling in both the Mediterranean and Atlantic basins is needed both to check temporal stability among the areas sampled as well as to obtain further insights from broader and more detailed samplings. The clearest management implication from this study is the genetic validation of the long-standing policy that has assumed isolation between the Mediterranean and Atlantic populations (Cadenat, 1952) . This policy has been based on the assumption of genetic isolation imposed by ecological differences existing on either side of the Straits of Gibraltar, as well as on morphological differences observed between Mediterranean and Atlantic hake (revised in Gonzalez-Garcés & Pereiro, 1994) . Management within the Mediterranean is complicated by apparent migration from the Atlantic in the west and by uncertainty regarding population structure in other areas. Until greater clarification is obtained, a conservative strategy is warranted based on assumed isolation between geographically restricted regions.
As indicated above, present management of Atlantic populations, based on two distinct 'northern' and 'southern' stocks, requires modification. The distinction of the Larache collection justifies separate management of 'southern' stocks. However, based on the apparent distinction of Cantabrian and Irish collections and the absence of sampling from more northern areas, multiple subgroups may exist, each requiring management as a separate entity. The definitive number and geographical extension of the stocks in this area must await an adequate sampling and genetic analysis throughout the species range in the Atlantic Ocean.
